The hydraulic reliability of bulk water supply systems can be defined in terms of the failure 7 frequency of the municipal storage tanks they supply: the system fails when the tank runs dry 8 and is functional otherwise. Municipal storage tanks are normally sized according to 9 deterministic guidelines that make allowances for balancing, fire and emergency storage. In this 10 study, genetic algorithm optimization was used together with stochastic analyses to find the 11 optimal combination of feeder pipe configuration, feeder pipe capacity and tank capacity for a 12 given risk of failure. A sensitivity analysis was conducted to determine the factors that have the 13 greatest impact on the optimal design for an example system. The results showed that the optimal 14 pipe configuration is a single feeder pipe in most cases, but that two parallel pipes are preferable 15 for shorter feeder pipes. It was found that it is often cost-effective to trade off a smaller tank size 16 for a greater feeder pipe capacity. Based on this finding, design guidelines are likely to specify 17 sub-optimal solutions in many cases. 18 19
INTRODUCTION 23
24 Bulk water supply systems are usually designed according to deterministic guidelines that 25 specify minimum tank, and sometimes feeder pipe, design capacities. Since design guidelines 26 have to accommodate a large range of possible conditions, they invariably have to adopt a 27 conservative approach, meaning that most systems are potentially over-designed. Design 28 guidelines cannot take local conditions into account, and do not give the designer much leeway, 29 for instance to use a smaller tank in a system with a short, high capacity feeder pipe. 30 31 Reliability of engineering systems can be broadly defined as the probability that a system 32 performs its mission within specified limits for a given period of time in a specified environment 33 (Cullinane et al. 1992 ). Farmani et al. (2005) define the reliability of water distribution systems 34 as the ability of the network to provide consumers with adequate and high-quality supply even 35 under abnormal conditions. Alternatively, reliability can be defined in terms of network failure, 36 which is an event in which the network is unable to provide adequate flow or pressure to meet 37 demand (Goulter, 1992) . More specifically, the reliability of a bulk water supply system can be 38 defined in terms of the reliability of its storage tank, as consumers will only notice a service 39 interruption if the storage tank has failed (i.e. run dry). 40 41 Various authors have analyzed the reliability of bulk water supply systems using frequency 42 duration , Markov chain and Monte Carlo 43 Nel and Haarhoff, 1996) Monte Carlo analysis model in combination with three generic models for consumer demand, 45 fire water demand and feeder pipe failures to estimate the failure characteristics of bulk supply 46 systems, and proposed a reliability-based design criterion of one failure in ten years under 47 seasonal peak conditions. The stochastic model has also been used to explore the impact of 48 different water demand parameters on system reliability (van Zyl et al. 2012 ). 49 50 A major benefit of a risk-based design criterion for bulk supply systems is that the designer can 51 size system components to suit local conditions, and trade off different components (e.g. feeder 52 pipe and tank capacities) to find the most cost-effective solution. The aim of this study was to 53 develop a method to investigate the Pareto-optimal trade-off curve between the failure frequency 54 and cost of a bulk supply system. This curve can then be used by a designer to select the most 55 cost-effective system that satisfies the minimum reliability requirement (i.e. maximum failure 56 frequency) of a given application. The design variables considered in the analyses were storage 57 tank capacity, feeder pipe diameter and feeder pipe configuration. Although the proposed method 58 is illustrated using a simple bulk system layout consisting of a tank connected to a source via a 59 feeder pipe, it can also be applied to more sophisticated systems. 60
61
The next section in the paper describes the methodology used to estimate the optimal trade-off 62 curve between system failure frequency and cost. This is followed by a discussion of the 63 application of the model to a simple, but typical bulk supply system. A sensitivity analysis of 64 various system and stochastic parameters is then presented, giving insight into how these factors 65 affect the optimal design of bulk supply systems. Finally, conclusions are drawn based on the 66 application of the model and the sensitivity analyses. The aim of the optimization was to minimize the cost and failure frequency (maximize reliability) 74 of a bulk water supply system by selecting optimal combinations of tank capacity, feeder pipe 75 configuration and feeder pipe diameter. To illustrate the methodology followed, a simple yet 76 frequently used supply system configuration ( Fig. 1 ) was used. The system consists of a source, 77 storage tank and feeder pipe(s) between the source and tank. Users are supplied from a separate 78 pipeline connected to the tank. 79
80
There are three decision variables in this optimization problem: feeder pipe configuration, feeder 81 pipe diameter, and tank capacity. Three parallel pipe options (1 pipe, 2 parallel pipes, or 3 82 parallel pipes) and three interconnection options (0, 1, or 2) exist. Feeder pipe sizes were limited 83 to commercially available diameters. User-defined upper and lower bounds were used for the 84 pipe diameter to exclude unrealistic options. Finally the tank capacity was modeled as a 85 continuous variable between upper and lower bounds selected by the designer. 86 87 A gravity system was considered in this study. Thus assuming that the designer has already 88 selected a location for the source and the tank, the system head (difference in elevation) and the 89 length of the feeder pipe system was considered known. The flow rate between the source and 90 the tank was calculated using the Hazen-Williams equation for each combination of pipe 91 configuration and diameters. 92
93
The flow rate can be expressed as a dimensionless supply ratio, defined as the feeder pipe 94 capacity over the average demand for the period modeled (typically one week). In this study 95 simulations were done under seasonal peak demand conditions. The range of supply ratios 96 investigated was limited between a lower bound of one and an user defined upper bound. A 97 supply ratio less than one means that the source feeder pipes cannot supply the average demand 98 and thus the system is infeasible. On the other hand, the highest supply ratios are obtained when 99 the largest diameters are used in a configuration of three pipes in parallel. At some supply ratio, 100 these combinations become too expensive to be feasible, and thus can be excluded from the 101 solution space. 102
103
The lower and upper bound supply ratios were used as a guide to determine which pipe 104 diameters would be feasible and retained for selection in the optimization run. This resulted in 105 the use of the following two conditions where a diameter was eliminated if: (1) the supply ratio 106 for a single pipeline was greater than the upper bound; or (2) the supply ratio was less than one 107 for three parallel pipes. 108
109
The multi-objective genetic algorithm, NSGA-II (Deb et al. 2002) , was used to find the optimal 110 solutions and produce the Pareto-optimal trade-off curve between the conflicting objectives of 111 minimizing system cost and minimizing tank failure frequency. In NSGA-II, the initial 112 population is generated, followed by an evaluation of the objective functions using a cost model 113 and stochastic analysis method. Until the maximum number of generations is reached, the 114 algorithm loops through the process of generating a parent, ranking the population, performing 115 comparison and selection based on nondomination and crowding distance to finally generate a 116 child population. The Pareto-optimal set was taken as the child population produced in the final 117 generation of the algorithm. The stochastic analysis method consists of three stochastic unit models for consumer demands, 164 fire demands and pipe failures. The method involves calculating the consumer and fire demand, 165 and supply inflow to the tank for each hourly time step using Monte Carlo sampling, which are 166 then used to update tank levels. If the tank runs dry, a failure is recorded and the results are 167 logged. This process is repeated until either (1) 5% convergence has been obtained for the failure 168 frequency results; (2) the failure frequency is less than a minimum failure rate specified by the 169 designer (e.g. one failure in 100 years); or (3) the run duration exceeds that which is specified by 170 the designer. To give an idea of a typical value for condition 3, a run duration of 2 million days 171 was used in the example system. 172
173
In the optimization run, the stochastic analysis was done for the most critical time in the year, i.e. 174 under seasonal peak conditions. An important assumption of the stochastic analysis is that it is 175 done at a specific time, typically a week, in the year and design horizon, meaning that long-term 176 and seasonal variations in parameters are not included in the simulation run. Simulations can be 177 repeated at different times in the year and design horizon to consider these variations. 178
Consumer demand 180
Consumer demand was modeled using a generic demand model consisting of an average demand, 182 day-of-week and hourly patterns, persistence and a random component. First the average daily 183 demand is calculated, which is then used to calculate the hourly demands. A multiplicative 184 model models the cyclical patterns and the remainder corresponds to an auto-correlated random 185 process. The daily demand model is: 186
where D d is the simulated average demand in day d, D ave is the average demand for the period 190 studied, C DOW is a day-of-week demand factor and υ d is the daily demand residual function, 191 ( ; , ) ; 2
where T is duration of the fire event μ is mean of the logs of the durations, and σ is the standard 229 deviation of the logs of the durations. Changing the configuration from a single pipe to parallel pipes increases the reliability of the 248 bulk water supply system (van Zyl and Haarhoff 1999). For example, for two pipes in parallel there is always 50% of the flow remaining, while for three pipes in parallel there always two 250 thirds of the total supply capacity entering the storage tank, if one pipe failure is modeled at a 251 time. Increasing the number of interconnections between parallel pipes further increases the 252 reliability of the feeder pipe system. Table 1 based on three small towns in France and the demand pattern had a seasonal peak factor of 1.49. 287
The system has an average demand of 80 l/s, head difference of 60 m between the source and 288 tank, feeder pipe length of 10 km and a Hazen-Williams flow coefficient of 120. A fire 289 frequency of 6 fires/annum and pipe failure rate of 0.2 failures/km/annum were used. 290
291
The aim of the optimization was to find the trade-off curve between reliability and cost by 292 finding the optimal combinations of pipe configuration and size, and tank capacity. Seven pipe 293 configuration options were allowed, ranging from one pipeline to three pipes in parallel, with up 294 to two equally spaced interconnections between parallel pipes (Table 1) . Feasible pipe diameters 295 of 227 mm, 286 mm, 322 mm and 363 mm were determined from the range of commercially 296 available pipe sizes (Raad 2010 ). Lower and upper bound supply ratio values of 1.0 and 2.0 297 respectively were used. The resulting supply ratios for each practical combination of pipe 298 configuration and diameter are summarized in Table 2 . The range of the tank capacity was 299 selected to be 4 h to 16 h of seasonal peak demand for this example system. This range of tank 300 capacities is fairly narrow so as to reduce the solution space. However, it was relaxed to allow 301 larger tanks in if the optimization routine initially selected the maximum allowed tank capacity. 302
303
The multi-objective optimization was carried out for 50 generations for a population size of 50 304 solutions, which took approximately 69 hours on a 2.66 GHz Intel Core 2 Quad processor. The 305 resulting trade-off curve between failure frequency and cost is shown in Fig. 2 , ranging from low 306 reliability, low cost solutions on the left of the curve to high reliability, high cost solutions on the 307 right. A more detailed view of solutions with a failure rate below 1 failure in 8 years is given in 308 whereas the major gaps between solutions are caused by a (discrete) change in the number of 320 parallel pipes or pipe diameter. In Fig. 2, Gaps 1, 2 and 4 represent increases in pipe diameter, i.e. 321 an increase in supply ratio. For example, the solution to the left of the second major gap has a 322 single 286 mm diameter pipeline with a 0.98 supply ratio, while the solution to the right of the 323 major gap has a single 323 mm diameter pipeline with a supply ratio of 1.34. It is evident that 324 increasing the supply ratio significantly improves the reliability of the system. Similarly, an 325 increased pipe diameter increases the system cost. 326
327
The cost of a pipeline is a function of its diameter so a clear trend of increasing cost with 328 increasing pipe diameter is evident. In addition, the cost of pipelines increases with length, which 329 means that two parallel pipes are double the cost of a single pipeline with the same diameter, 330 assuming that the pipes are laid in separate trenches. As a result, there is a third distinct gap (Gap 331
3) in the trade-off curve because of the change in pipe configuration from a single pipeline to 332 two parallel pipes, i.e. there is a sudden increase in cost from $1.75 million to $2.34 million. For 333 the example system, the majority of solutions in the trade-off curve, and all solutions below $1.8 334 million, use a single pipeline instead of parallel pipes. 335 336 Looking more closely at Fig. 3 , Gap A illustrates the effect of increasing the diameter of a single 337 pipeline from 322 mm to 363 mm, and decreasing the tank capacity from 15.9 h to 13.0 h. By 338 increasing the diameter and thereby the supply ratio from 1.34 to 1.83, and decreasing the tank 339 capacity, the improvement in reliability is marginal (0.049 to 0.048 failures/annum), whereas an 340 increase in total system cost is proportionally much greater. 341 342 Systems with single pipelines generally have a lower reliability than systems using parallel pipes. 343 However, for the example system, solutions with single pipelines were able to meet the desired 344 reliability criterion at substantially lower cost, as illustrated by the crosses in Fig. 3 . The solution 345 closest to the desired reliability of 0.1 failures/annum consists (with failure frequency of 0.1048 346 failures/annum) of a single pipeline of diameter 322 mm, supply ratio at seasonal peak demand 347 of 1.34, tank capacity of 14.5 h of seasonal peak demand and a cost of $1.59 million. 348
349
It was found that parallel pipe systems are more reliable, yet significantly more expensive than 350 single pipe systems as shown in Fig. 3 . The parallel pipe systems (shown with circles) all consist 351 of two pipes in parallel. No systems with three pipes in parallel were present in the final solution 352 set. Pipes in parallel provide additional reliability to the system, as at least half the supply into 353 the tank remains when there is a pipe outage. The optimal tank sizes for these solutions are 354 notably smaller than for systems with single pipe configurations. 355
356
The rightmost solution in the trade-off curve represents the most reliable, yet most expensive 357 system at $2.73 million. It consists of two pipes in parallel and no interconnections, with the 358 largest available pipe diameter of 363 mm, but with the smallest allowable tank capacity of 4 h 359 of seasonal peak demand. Since the inflow capacity is 3.66 times greater than the seasonal peak, 360 the storage tank experiences a negligibly small number of failures. The high cost of the system 361 can be attributed to the fact that the feeder pipe consists of two 363 mm diameter pipes in 362 parallel, which contributes to 92% of the total system cost. It is nearly twelve times the cost of 363 the storage tank. 364 365 For the example system with a feeder pipe length of 10 km between the source and the tank, the 366 cost of the feeder pipes were found to make up 70% to 90% of the total cost of the system. Table 3 . 378
379
For each parameter the optimal trade-off curves for high and low values could be compared to 380 the base system by plotting them on a single set of axes. As an example, the trade-off curves for 381 the available head parameters are shown in Fig. 4 . The available head has a significant effect on 382 the design, since a higher available head means that more energy is available for friction pipe 383 losses and thus smaller diameters can be used. Thus the figure shows that the trade-off curve for 384 the 30 m head system shifted to the right and the curve for the 120 m head system shifted to the 385 left of the curve for the typical system. 386 387
Impact on Optimal Design 388 389
To allow a comparison of all the sensitivity analysis runs, a design system was selected based on 390 the solution closest to a failure rate of one failure in 10 years under seasonal peak conditions. 391
These solutions are summarized in Table 4 . 392
393
The cost and reliability of existing design guidelines are included in the table. It was assumed 394 that the system is designed for a 20 year design horizon and that the water demand grows at 3% 395 p.a. Thus the water supply system is designed to handle a demand of 80 l/s in 20 years time, and 396 the "current" average demand can be calculated back as 44.3 l/s. 397
398
A typical tank size for residential areas in the U.S. is 52 h of annual average daily demand 399 (AADD) (van Zyl et al. 2008), or 35 h seasonal of peak demand for the example system. It was 400 assumed that the feeder pipe is sized for the peak day of the year and a 20 year design horizon, 401
i.e. 1.14 times the seasonal peak demand at the end of the design horizon. Assuming a 402 continuous range of pipe sizes to get the theoretical minimum feeder pipe diameter gives a single 403 303 mm pipe. Stochastic analysis of this system at the design horizon resulted in a very reliable 404 system with a failure frequency of 0.0006 failures/annum (1 failure every 1 700 years) under 405 seasonal peak conditions, at a cost of $1,840,992. 406
South African design guidelines specify that the capacity of the feeder pipe should be at least 1.5 408 times AADD (essentially equal to seasonal peak demand for the example system), and the tank 409 capacity should be 49 h of AADD (i.e. 32 h of seasonal peak demand) (van Zyl et al. 2008 ). If 410 the system was designed according to these guidelines, it would then require a theoretical 289 411 mm diameter feeder pipe. A system satisfying these requirements at the design horizon has a cost 412 of $1,755,589 and an unacceptably high failure frequency of 57 failures/annum under seasonal 413 peak conditions. 414 exception is for the two solutions where the pipe length was varied. For a short pipe length, the 429 tank cost (62% of the total) outweighs the pipe cost (38%); while in the case of the long pipe 430 length, the pipe cost makes up nearly all (97%) of the total cost. 431
432
The impact that each sensitivity parameter has on the system cost is shown in a spider graph in 433 Fig. 6 . It is clear that the supply pipe length dominates the optimal solutions produced. A longer 434 pipe length does not only result in a higher direct system cost, but also indirectly increases the 435 system cost through a greater failure frequency on the feeder pipe. Further analysis of the pipe 436 length results showed that a bulk system with a short pipe length is more economical if it has a 437 parallel pipe configuration with a small tank, whereas a system with a longer pipe length is more 438 economical if it has a single pipe configuration and a larger tank size. 439 440 Excluding pipe length from Fig. 6 shows the effect of the other parameters more clearly in Fig. 7 . 441
Besides pipe length, the most significant factors are the available head and the average pipe 442 failure duration. In comparison, the fire rate, pipe failure rate and peak hourly factor have small 443 impacts on the design. Interestingly fire demand had the lowest impact of all the parameters. 444 445
Trade-off between Feeder Pipe and Tank Capacities 446 447
Finally, since the vast majority of optimal solutions used a single feeder pipe, it is interesting to 448 compare the remaining two variables of pipe diameter (expressed as supply ratio) and tank 449 capacity for the design solutions as shown in Fig. 8 . The results of different parameters are 450 connected with lines to assist with reading of the graph. 451 
